Cellular translation surveillance rescues ribosomes that stall on problematic mRNAs. During translation surveillance, endonucleolytic cleavage of the problematic mRNA is a critical step in rescuing stalled ribosomes. However, the nuclease(s) responsible remain unknown. Here we identify NONU-1 as a novel endoribonuclease required for translation surveillance pathways including No-Go and Nonstop mRNA Decay. We show that: (1) NONU-1 reduces Nonstop and No-Go mRNA levels; (2) NONU-1 contains an Smr RNase domain required for mRNA decay and with properties similar to the unknown endonuclease; and (3) the domain architecture and catalytic residues of NONU-1 are conserved throughout metazoans and eukaryotes, respectively. We extend our results in C. elegans to homologous factors in S. cerevisiae, showing conservation of function of the NONU-1 protein across billions of years of evolution.
INTRODUCTION
Numerous mechanisms exist to protect cells from the negative effects of errors in gene expression. Among these are translation surveillance pathways in which a ribosome identifies an early stop codon (Nonsense-Mediated mRNA Decay, NMD), a lack of stop codons (Nonstop Decay), or a block during translation elongation (No-Go Decay) . Central to both Nonstop and No-Go Decay is the process of ribosome stalling. Recent work has also shown that ribosomes stall during Nonsense-Mediated mRNA Decay, effectively funneling NMD targets into Nonstop Decay (Hashimoto et al. 2017; Arribere and Fire 2018) . Despite substantial mechanistic insight into translation surveillance pathways (reviewed in (Joazeiro 2017) ), how ribosomal stalling communicates with mRNA decay machinery remains a central unsolved question.
Mounting evidence points to endonucleolytic cleavage of the mRNA in the vicinity of stalled ribosomes as an important early event in translation surveillance (e.g., (Doma and Parker 2006; Guydosh and Green 2014; Ikeuchi et al. 2019; Navickas et al.) ). While the identity of the critical nuclease(s) remain unknown, target mRNAs are eventually cleared in part by 3'>5' degradation facilitated by the SKI RNA helicase in conjunction with the exosome (Doma and Parker 2006; van Hoof et al. 2002; Hashimoto et al. 2017; Arribere and Fire 2018) . Knowledge of the identity and functions of factors that interface between translation and mRNA decay will illuminate a critical junction in gene expression and regulation. Identification of nuclease(s) at this junction would therefore significantly advance our understanding of translation, surveillance, and how targeted mRNA degradation occurs.
Here we identify a mutation that blocks Nonstop and No-Go mRNA Decay in C. elegans. The mutation identifies a new gene nonu-1 whose structure predicts that it encodes a conserved nuclease component of translation surveillance. Furthermore, we show that the previously uncharacterized S. cerevisiae homologs CUE2 and YPL199C contribute to Nonstop Decay in suggesting multiple independent mechanisms exist to repress Nonstop mRNAs.
Domain architecture of NONU-1
To gain insight into NONU-1 function, we examined the domain structure of the protein and its metazoan orthologs and found that they contain several conserved domains (from N-terminus to C-terminus, Figure 3A , S3). The NONU-1 protein family is characterized by:
(1) An N-terminal basic region similar to a ribosome-binding motif at the N-terminus of the ribosomal protein S26AE. This basic stretch is only observed in the chordate versions of NONU-1 and is thus not pictured in Figure 3A . The basic stretch suggests that NONU-1 may bind directly to ribosomes.
(2) A domain of the P-loop kinase superfamily belonging to the polynucleotide kinase (PNK) clade. These kinase domains are known to phosphorylate RNA/DNA ends (Leipe et al. 2003; Burroughs and Aravind 2016) . The P-loop kinase domain suggests NONU-1 may modify Nonstop mRNAs or their degradation products.
(3) Two ubiquitin-binding CUE (Coupling of Ubiquitin to ER degradation) domains of the UBA-like fold (Kang et al. 2003) . Ub chains are an important signal for ribosomal stalling and suggest a mechanism of specificity for NONU-1 recruitment to stalled ribosomes (Ikeuchi et al. 2019; Simms et al. 2017; Garzia et al. 2017; Juszkiewicz et al. 2018; Saito et al. 2015) .
(4) An Smr domain, homologous in structure and sequence to domains known to bind, cleave, or process RNA ( Figure 3B , C, S3A, ). Smr domains of some proteins function as an endoribonuclease (Bhandari et al. 2011; Zhou et al. 2017; Wu et al. 2016 ). (The NONU-1 Smr domain co-occurs with a highly charged, small helical extension that likely represents an extension of the Smr domain ("N-ext", also known as "DUF1771").) The existence of a domain known to function as an endoribonuclease makes NONU-1 a prime candidate for the unknown endonuclease The combination of these domains characterizes the NONU-1 family of proteins found throughout metazoans and choanoflagellates as an endoribonuclease with a conserved role in diverse cell types and organisms.
Catalysis by the Smr domain of NONU-1 is required for Nonstop mRNA Decay
Given the above observations, we investigated whether the Smr domain is important for NONU-1 function in Nonstop mRNA Decay. We used CRISPR/Cas9 to delete the Smr domain (Materials and Methods), generating nonu-1(srf0780), which we hereafter refer to as nonu-1(smrΔ) ( Figure 3D ). Expression, splicing, and stability of the nonu-1 transcript was not grossly perturbed in nonu-1(smrΔ) as assayed by RNA-seq. When combined with the unc-54 (Nonstop) reporter, nonu-1(smrΔ) conferred derepression of GFP expression comparable to the nonu-1 premature stop codon mutations originally isolated in the genetic screen ( Figure 3E ). We thus conclude that the NONU-1 Smr domain is required for Nonstop mRNA Decay.
We analyzed the sequence and structure of the NONU-1 Smr domain to better understand its potential catalytic mechanism. Sequence alignment of NONU-1 homologs across eukaryotes identified a highly conserved aspartate-x-histidine (DxH, where x is typically a hydrophobic amino acid) motif ( Figure 3C , S3A) shared with two previously characterized endoribonucleases (Bhandari et al. 2011; Zhou et al. 2017) . The DxH residues could conceivably function as catalytic residues. The DxH motif occupies a position in the Smr domain similar to the location of catalytic residues of other IF3-C-fold domains ( Figure 3B ). Given the defining DxH motif, we investigated if this motif is required for NONU-1's role in Nonstop Decay. We generated alanine substitutions at this location (DxH>AxA). The resulting mutant (nonu-1(AxA)) exhibited a defect in Nonstop Decay comparable to the nonu-1(smrΔ) as well as nonu-1 premature stop codon mutations ( Figure 3E ). Taken together, these observations are consistent with the idea that the 7 160 165 170 175 180 DxH motif comprises the catalytic residues of the NONU-1 endoribonuclease.
It was recently reported that endonucleolytic cleavage during No-Go Decay occurs via a metalindependent nuclease resulting in a 3'phosphate and 5'hydroxl though the identity of this nuclease was not determined (Navickas et al.) . The catalytic mechanism of Smr is unknown-while purified Smr domain-containing proteins have cleavage activity on RNA, a catalytic mechanism has yet to be elucidated. However, the emerging picture of Smr endoribonuclease activity is consistent with what is known about cleavage during No-Go/Nonstop. First, in vitro RNA cleavage with Smr-domain containing proteins is inhibited by metals (Zhou et al. 2017) .
Second, metal-dependent nucleases typically require negatively charged amino acids (Asp or Glu) to chelate the positively charged metal. The one residue in NONU-1 that could conceivably function in this manner is Asp579 of the DxH motif. By itself this single Asp is unlikely to chelate a metal, though Asp579 could conceivably cooperate with other proteins and/or RNAs to create a metal-binding site.
To test whether Asp579 of the DxH motif could conceivably function as a metal chelator, we generated an isosteric mutant (D579N) by CRISPR/Cas9 that changes a single hydroxyl of the side chain to an amine. Aspartate to asparagine mutations in metal-dependent nucleases such as SMG-6 reduce metal binding and functionally eliminate RNA cleavage and SMG-6 function (Huntzinger et al. 2008) . When combined with the unc-54(Nonstop) reporter, nonu-1(D579N) exhibited GFP expression similar to that of wild type nonu-1 ( Figure 3E ). Functional substitution of Asp579 with an asparagine is most readily consistent with a metal-independent role for this residue in catalysis.
Our computational and experimental results are consistent with the model that NONU-1 is an endoribonuclease that acts during Nonstop mRNA Decay, with metal-independent cleavage 
NONU-1 reduces Nonstop mRNA levels
There are two main pathways known to repress protein expression from Nonstop mRNAs. One pathway is Ribosome Quality Control in which ubiquitination and CAT-tailing on the nascent peptidyl-tRNA cause protein aggregation and degradation (e.g., (Bengtson and Joazeiro 2010; Shao et al. 2013; Shen et al. 2015) ). There is also Nonstop mRNA Decay in which endo-and exo-nucleolytic digestion of the mRNA reduce mRNA levels and effectively prevent further rounds of translation (van Hoof et al. 2002; Schaeffer and van Hoof 2011). The unc-54(Nonstop) reporter contains a T2A 'self-cleaving' peptide after the open reading frame that allows the nascent peptide to leave the ribosome and escape repression from Ribosome Quality Control (Arribere and Fire 2018) . That we identified nonu-1 as a phenotypic suppressor of the unc-54(Nonstop) reporter suggests that nonu-1 acts in Nonstop mRNA Decay rather than in Ribosome Quality Control ( Figure 4A , S4). Consistent with this, by RNA-seq we detected a 2.4fold increase of the unc-54(Nonstop) reporter mRNA in nonu-1(smrΔ) ( Figure 4B , S5A). We thus conclude that nonu-1 acts to reduce Nonstop mRNA levels.
We compared the phenotypic effect on unc-54(Nonstop) conferred by mutations in nonu-1 relative to mutations in other Nonstop mRNA Decay components. Mutations in SKI complex subunits (skih-2, ttc-37) or ribosome rescue (pelo-1) suppress Nonstop mRNA Decay to different extents, likely reflecting their distinct functions in RNA stability and ribosome rescue (Arribere and Fire 2018; Guydosh and Green 2014; Shoemaker et al. 2010; Wilson et al. 2007 ).
The phenotype of nonu-1 mutants was distinct from skih-2 null mutants, as assayed by the level of GFP fluorescence and unc-54(Nonstop) mRNA expression ( Figure 4A Interestingly, the skih-2 nonu-1 double mutant exhibited even greater Nonstop suppression than either single mutant alone, as assayed by Nonstop mRNA levels, Nonstop protein levels, and suppression of unc-54's egg-laying phenotype ( Figure 4A , B, S4). This result is consistent with the idea that phenotypic suppression by skih-2 and nonu-1 do not strictly depend on one another. It is unclear how much of the SKI complex's repressive effect in Nonstop mRNA Decay is a direct result of accelerated mRNA decay versus other effects (e.g., on mRNA translation initiation and/or recycling (Searfoss and Wickner 2000; Searfoss et al. 2001; Schmidt et al. 2016) ).
Because the above analysis of unc-54 mRNA expression was done by RNA-seq, we were able to address the question of whether skih-2 and/or nonu-1 are required for normal expression of endogenous mRNAs. There are endogenous mRNAs targeted by the Nonstop Decay pathway known in other organisms (e.g., (Sparks and Dieckmann 1998) ). Both skih-2 and nonu-1 are required for the normal expression of endogenous mRNAs: we observed that the mRNA levels from ~20-40 genes increased in either skih-2 or nonu-1 (Methods, Supp Table S2 ,S3). While mRNAs that increased in a skih-2 mutant also tended to increase in a nonu-1 mutant ( Figure   S4B ), our subsequent analyses support the idea that these mRNAs are not direct Nonstop targets. Many genes' mRNAs that increased in either skih-2 (13 of 27) or nonu-1 (20 of 31) were derived from genes known to be developmentally regulated (Hendriks et al. 2014) , consistent with a mild developmental delay between wild type and mutant strains. Furthermore, as a class, mRNAs whose levels increased in either skih-2 or nonu-1 did not exhibit any further increase in the double mutant ( Figure S4B ). This is in contrast to the behavior of the unc-54 (Nonstop) reporter that showed increased mRNA levels in both single mutants (skih-2 or nonu-1), and an additional increase in the double mutant (skih-2 nonu-1). We thus favor the idea that a majority of the endogenous mRNAs identified as upregulated in skih-2 or nonu-1 encode mRNAs that change as a result of secondary effects. 
NONU-1 acts in No-Go mRNA Decay
In addition to Nonstop Decay, endonucleolytic cleavage of the mRNA is thought to be an important step in No-Go Decay (Doma and Parker 2006) . No-Go Decay results from blocks in translation elongation such as rare codons, polybasic amino acid stretches, and RNA structures (Doma and Parker 2006) . We generated a No-Go Decay reporter in C. elegans by inserting 12 rare arginine codons in-frame in the unc-54 gene (unc-54(No-Go)) ( Figure 4C ). We observed a two-fold derepression of the unc-54(No-Go) mRNA in nonu-1(smrΔ) mutant animals ( Figure   4D ). Thus NONU-1 is required for repression during No-Go Decay, and this function resides in the Smr domain. This result points to NONU-1 as a general player in translation surveillance.
We and others have recently shown that translation surveillance factors including skih-2 and pelo-1 act in NMD after a committed step of mRNA decay (Arribere and Fire 2018; Hashimoto et al. 2017) . The effect of skih-2 and pelo-1 on NMD targets is not detectable at the level of RNAseq, but is detectable as an accumulation of 15-18nt Ribo-seq footprints that represent a population of stalled ribosomes. Given its function in Nonstop Decay (Figures 2, 3 ), we expect that nonu-1 also functions in NMD. As with skih-2 and pelo-1, we failed to detect derepression of endogenous NMD targets by RNA-seq in nonu-1 mutants. As it is not yet clear what population of ribosome (or di-or tri-ribosomes) is a substrate for NONU-1, it remains unclear how best to test for a role of nonu-1 in NMD. Once there is additional information on the biochemistry, function, and relationship of NONU-1 to other translation surveillance events it will become possible to directly test the hypothesis that NONU-1 functions in NMD.
Evolution of NONU-1 and Smr-domain proteins
Given that previous studies have only partly examined the evolution of Smr domains in eukaryotes (Liu et al. 2013) , we conducted an in depth sequence and structure analysis of the 11 265 270 275 280 285 Smr domain. Smr is an IF3-C fold domain, which also includes the nucleic acid-binding Alba, and the tRNA thiotransfer-catalyzing TusA ( Figure 3B , C, S3A, S3B). One unifying sequence feature of this assemblage of IF3-C fold domains is a strongly-conserved sxs motif (where 's' is a small residue, with the second 's' typically a glycine) in the extended loop region between the second strand and the second helix thought to be involved in substrate-binding ( Figure 3B , C, S3A, (Guo et al. 2014) ). Among the catalytically active versions of the Smr-TusA-Alba assemblage, a conserved aspartate is observed at the C-terminal end of the initial core strand ( Figure 3B , C, S3A). This aspartate is near a histidine in NONU-1 and forms the conserved DxH motif. More distant branches of the IF3-C fold include domains that bind, cleave, or process RNA, including the RNAseG/E nucleases (Fukui et al. 2008) , the synaptojanin/calcineurin domain phosphoesterases and nucleases , the Schlafen domain endoribonucleases (Makarova et al. 2001; Li et al. 2018; Yang et al. 2018) , and the RtcA RNA end cyclases ( Figure S3B , (Palm et al. 2000) ).
At least one NONU-1-like protein is traceable to the last eukaryotic common ancestor and is in practically all eukaryotic lineages, as would be expected of a core eukaryotic translation surveillance factor. NONU-1 homologs show a diversity of domain architectures across eukaryotes, including fusions to RNA-binding (CCCH, PWI), 2'-3' cyclic phosphoesterase (2H), and ubiquitin binding and conjugation (UIM, UBL, and RING) domains ( Figure S3C ). We also noted multiple instances of rapidly-evolving lineage-specific expansions of NONU-1 homologs.
These include multiple paralogs (25 or more) with distinct domain architectures in nematodes of the Caenorhabditis lineage. Some of these have predicted signal peptides suggesting that they are secreted (e.g., in Caenorhabditis remanei and Entamoeba). The combination of lineagespecific expansions, rapid evolution, and secretion is a hallmark of proteins that are deployed as effectors in defensive or offensive roles in biological conflicts (Krishnan et al. 2018; Zhang et al. 2016; Lespinet et al. 2002) . In light of this we hypothesize that several eukaryotic Smr proteins, 12 290 295 300 305 310 especially the expanded versions, might function beyond translation surveillance as effectors deployed against viral or parasitic RNA. This is consistent with the discovery of a comparable role for the structurally related Schlafen domain in tRNA processing and retroviral RNA restriction (Li et al. 2012; Yang et al. 2018) , as well as numerous studies showing that cellular RNA processing and translation surveillance factors have antiviral functions (Toh-E et al. 1978; Garcia et al. 2014; Balistreri et al. 2014) .
DISCUSSION

The role of NONU-1 in translation surveillance
NONU-1 is the first factor with a nuclease domain to be identified as required for Nonstop/No-Go mRNA Decay. The Smr domain is conserved throughout eukaryotes and its function in translation surveillance is conserved between S. cerevisiae and C. elegans, establishing NONU-1 as an ancient factor critical to ribosome rescue and mRNA decay. Our identification and characterization of NONU-1 sheds light on the poorly understood intersection of translation and mRNA decay and sets the stage for a more complete molecular understanding of ribosome rescue.
Interestingly, we note that NONU-1 is not required for full repression of the mRNA targets of translation surveillance. Even in presumed nonu-1 null mutants we observed substantial repression of Nonstop/No-Go targets that could be relieved with other suppressors (e.g., skih-2). Two simple, non-mutually exclusive models are: (1) Our results support the idea that NONU-1 acts in translation surveillance largely independently of the SKI complex. We observed multiplicative effects in skih-2 nonu-1 double mutants, and in both C. elegans and S. cerevisiae we observed a greater derepression of Nonstop reporters in skih-2/ski2Δ mutants relative to nonu-1/cue2Δ/ypl199cΔ mutants. This is surprising given the prevailing model in the field that SKI accelerates 3'>5' decay after endonucleolytic cleavage.
One possibility is that NONU-1 may function redundantly with other endonucleases to create SKI substrates. Another possibility is that SKI's role in surveillance is misunderstood. While it is widely known that one function of the SKI complex is to destabilize the upstream (5') mRNA fragment during translation surveillance (e.g., (Doma and Parker 2006; Hashimoto et al. 2017) ), it is unclear if this effect is responsible for the phenotypic suppression of Nonstop reporters by SKI. Alternative models include functional suppression by SKI's effects on ribosome recycling or initiation (Searfoss and Wickner 2000; Searfoss et al. 2001) , which is also consistent with recent structural data showing a direct role for SKI on the ribosome and near the 5'ends of ORFs (Schmidt et al. 2016 ).
In S. cerevisiae endonucleolytic cleavage during No-Go creates a 5'hydroxyl that is phosphorylated by Rlg1/Trl1 to facilitate 5'>3' digestion by Xrn1 (Navickas et al.) . While E. Quantification of GFP expression for the indicated strains (as in Figure 2C ). P-values from Student's T-test comparing mutants to nonu-1(+). RFUs shown for Relative Fluorescence Units.
Figure 4: NONU-1 reduces mRNA levels of Nonstop and No-Go reporters
A. Quantification of GFP expression for the indicated strains (as in Figure 2C ). skih-2 encodes the catalytic subunit of an RNA helicase known to act in Nonstop mRNA Decay. P-values from B: Y-axis shows log2 fold change for gene expression changes between the indicated mutant strains and wild type for all genes with at least 30 reads in wild type (different read cutoffs in wild type yielded similar results). nonu-1 (red) and skih-2 (blue) targets are defined as mRNAs that are upregulated in the respective mutant strains relative to wild type (as determined by DESeq, see Methods). P-value from Mann Whitney U test comparing the indicated subset of genes to all genes. Note that unlike unc-54, targets of nonu-1 and skih-2 fail to exhibit a further increase in mRNA expression in the double mutant. A biological replicate of these data produced similar results.
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MATERIALS & METHODS:
C. elegans growth and propagation
Strains were derived from N2 background (VC2010, (Thompson et al. 2013) ). Animals were grown at 22C on NGM plates using OP50 as a food source per standard C. elegans husbandry (Brenner 1974) . Some strains were provided by the CGC, which is funded by NIH Office of Research Infrastructure Programs (P40 OD010440).
EMS Mutagenesis
EMS mutagenesis was performed essentially as described (Arribere and Fire 2018) 
Mutation mapping
We crossed each isolated suppressor to Hawaiian unc-54(cc4112) males (expressing an UNC-54::mCherry fusion engineered by CRISPR/Cas9). Cross progeny were picked to new plates to self fertilize. From among the F2, we picked ~30 GFP+ progeny to a new plate and allowed the animals to self-fertilize and starve. Upon starvation, animals were washed off the plate with 1mL EN50, and further washed with EN50 to remove residual E. coli. Genomic DNA was extracted after proteinase K treatment and resuspended in 50uL TE pH7.4. 50ng genomic DNA was used as input for Nextera (Tn5) sequencing libraries. Libraries were sequenced at the Vincent J.
Coates Genomics Sequencing Laboratory at UC Berkeley.
Reads were mapped to the C. elegans genome using bowtie2 (version 2.3.4.1). Reads were assigned using GATK (McKenna et al. 2010 ) and a previously published dataset of Hawaiian SNPs (Thompson et al. 2013) . The fraction of reads that were assignable to Hawaiian or N2 animals was calculated across the genome, and linkage was identified by portions of the genome that went to 0% Hw. Regions of linkage were then manually inspected to identify candidate lesions/loci.
CRISPR/Cas9 mutagenesis
CRISPR/Cas9 was performed as previously described (Arribere et al. 2014) . A full list of gRNAs is available in Table S1 , and exact sequences of mutant alleles is provided alongside C. Table S1 . Multiple genetic isolates of each mutation were obtained and observed to have identical phenotypes.
Microscopy and Image Quantification
L4 worms were anesthetized in 2uL 1mM levamisole in a microscope well slide with a .15mm coverslip. A Zeiss AxioZoom microscope was used with a 1.0x objective and a GFP fluorescence light source to acquire all images. The unc-54(cc4092); skih-2(cc2854) strain was used to set parameters (exposure time 330ms., shift 50%, zoom 80%) and the same parameters were used for all images. Five representative worms were imaged for each strain.
All comparisons shown are between images obtained during the same imaging session.
We used FIJI to define area of the worm, subtract the background, and determine mean pixel intensity for the area of each worm. A mean fluorescence intensity was calculated for each strain. We calculated two standard deviations above and below the mean to obtain a 95% confidence intervals.
RNA-seq and Analysis
25-50 day 1 adults were picked from a blank plate into S-basal solution and washed to remove E. coli. Animals were dissolved in trizol and total RNA extracted. Ribosomal RNA was depleted from 250 ng of total RNA using an NEBNext rRNA Depletion Kit (Human/Mouse/Rat) (catalog number E6310) and libraries were constructed using an NEBNext Ultra RNA Library Prep Kit for Illumina sequencing (catalog number E7530). Libraries were sequenced at the University of California, Santa Cruz using the Illumina NextSeq platform.
RNA-seq reads were trimmed with cutadapt and mapped using STAR (version 2.5.0a) to the C. elegans genome (WBCel235) with the unc-54 locus modified to match the unc-54(cc4092) 22 550 555 560 565 570 allele. Reads that mapped within the annotated bounds of a protein coding gene were assigned to that gene. Multiply-mapping reads or reads that could not be unambiguously assigned to a gene (e.g., due to overlapping genes) were discarded. Read counts were median-normalized using DESeq (Anders and Huber 2010) .
For differential expression of endogenous mRNAs in skih-2 and nonu-1, genes with mRNAs that increased in biological duplicates (skih-2) or triplicates (nonu-1) were identified with DESeq. mRNA levels were deemed significantly different if they exhibited an adjusted p-value <0.05 (skih-2) or <0.001 (nonu-1). Varying these cutoffs changed the number genes identified as skih-2 or nonu-1 targets, but did not alter our conclusions.
S. cerevisiae husbandry
S. cerevisiae strains were grown on YPAD media at 30C. A full list of strains, sources, and constructions is available in Table S1 . All mutations were verified by at least two independent PCR primers.
Cells were transformed with the his3::nonstop reporter plasmid (pAV188) via lithium acetate transformation and plated on selective media (SD-Ura). Two Ura+ transformants were taken for each strain, and results were reproducible across these independent isolates. Cells were subsequently grown on SD-Ura plates and in SD-Ura liquid media to maintain the plasmid. For the his3::nonstop reporter assay, 5ml liquid cultures were grown overnight to saturation. The OD600 was measured and the same OD600 was used as the starting number of cells for all strains. Cells were serially diluted 1:6 and plated on selective media (SD-Ura and SD-Ura-His).
Plates were photographed after ~8 days of growth at 30C. 23   575   580   585   590   595 Domain sequence similarity searches were performed using PSI-BLAST program (Altschul et al. 1997 ) against the non-redundant (nr) database housed at the NCBI and the HHpred program (Zimmermann et al. 2018 ) against pfam and pdb databases (Finn et al. 2016; Burley et al. 2019 ). Structure similarity searches were performed using the DALI server (Holm and Sander 1995) . Multiple sequence alignments were built using the Kalign2 program, with manual adjustments based on profile-profile and high-scoring pair sequence similarity search results (Lassmann et al. 2009 ). Domain architectures Smr domain-containing proteins were elucidated by first running rpsblast searches against a PSSM library constructed from the pfam profile database (Marchler-Bauer and Bryant 2004) . Regions lacking any annotation were then used as seeds in further rounds of iterative similarity searches. Phylogenetic analyses were carried out using approximate-maximum-likelihood as enacted by the FastTree 2.1 program with default parameters for amino acid sequences (Price et al. 2010 ). Supplementary Table 1 (attached) : C. elegans strains, S. cerevisiae strains, and oligonucleotides used in this study. Mutations found via EMS mutagenesis are diagrammed above the gene, and a mutation generated by CRISPR/Cas9 is below the gene. Scale bar shows 1kb. B. Images of GFP expression in the indicated strains. See Methods. C. Quantification of GFP expression for strains shown in (B). Each bar represents an average of at least 5 images of 5 different animals, with 95% Confidence Intervals shown as error bars. P-values from Student's T-test comparing mutants to nonu-1(+). D. Diagram of the S. cerevisiae Nonstop Decay assay. his3::nonstop reporter plasmid (pAV188) that was transformed is shown on top. Yeast cartoons depict a his3Δ strain and a his3Δ strain that is also a Nonstop Decay mutant. Expected results of growing transformed stains on -His media are shown on the bottom. E. The indicated strains were transformed with the his3::nonstop reporter plasmid (pAV188) with ski2Δ as a positive control. Defects in Nonstop Decay manifest as improved growth on histidine dropout medium. Strains were serially diluted and plated on the indicated media. Pictures are representative of biological triplicates of the experiment. Two of the structures shown are from domains known to contribute to RNA modification (TusA) or cleavage (RNaseE) with catalytic residues highlighted. The DxH motif of human N4BP2 is also highlighted. See Figure S3C for the phylogenetic relationship between these and other domains. C. Multiple sequence alignment depicting conserved motifs of the TusA-Alba-Smr assemblage of Smr domains. Protein secondary structure diagram is indicated above the sequence, and conserved amino acids are highlighted. * and ^ indicate amino acids known to be involved in catalysis and substrate recognition (respectively) in TusA or MutS2-like proteins. D. Gene diagram showing annotated exons (black rectangles) at the nonu-1 locus. Mutations generated by CRISPR/Cas9 are shown (AxA and D579N above, smrΔ below). Scale bar shows 1kb. E. Quantification of GFP expression for the indicated strains (as in Figure 2C ). P-values from Student's Ttest and * indicate p<10e-6. RFUs shown for Relative Fluorescence Units. C. Published RNA-seq data from (Hendriks et al., 2014) showing reads spanning the proposed novel splice junction. Inset (C') zooms in on the region of interest, with reads supporting the junction highlighted (blue). Antisense reads in red. D. Published Ribo-seq data from (Hendriks et al., 2014) showing ribosome footprints spanning the proposed novel splice junction. Inset (D') zooms in on the region of interest, with reads supporting the junction highlighted (blue Figure S4 : skih-2 and skih-2;nonu-1 have increased brood sizes Brood sizes for the indicated strains. Each X represents the number of progeny from a single animal from that strain. 12 animals were examined per strain. P-values from Student's T-test. wild type RNAseq counts skih-2 RNA-seq counts 10 4 10 2 10 0 10 0 10 2 10 4 wild type RNAseq counts unc-54 unc-54 A B Figure S5 : Endogenous mRNAs regulated by skih-2 or nonu-1 are likely indirect targets A: RNA-seq read counts in the indicated strains. RNA-seq was performed (see Methods), and read counts for all mRNAs is shown (black dots) with unc-54 highlighted (green dot). Off-diagonal genes indicate increased mRNA expression in one strain relative to the other. Note axes are log-scaled. B: Y-axis shows log2 fold change for gene expression changes between the indicated mutant strains and wild type for all genes with at least 30 reads in wild type (different read cutoffs in wild type yielded similar results). nonu-1 (red) and skih-2 (blue) targets are defined as mRNAs that are upregulated in the respective mutant strains relative to wild type (as determined by DESeq, see Methods). P-value from Mann Whitney U test comparing the indicated subset of genes to all genes. Note that unlike unc-54, targets of nonu-1 and skih-2 fail to exhibit a further increase in mRNA expression in the double mutant. A biological replicate of these data produced similar results.
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